The scarcity of efficient imaging technologies for precise cancer treatment greatly drives the development of new nanotheranostic based platforms that enable both diagnostic and therapeutic functions, together in a single formulation. Owing to the complicated physiological microenvironment, nanosystems designed with the possibility of noninvasive real-time monitoring of therapeutic progression in the second near-infrared channel (NIR-II, 1000-1700 nm) could substantially improve the current cancer therapies. Herein, we design a novel NIR-II theranostic nanoprobe, PSY (size $110 nm), by incorporating organoplatinum(II) metallacycles P1 and an organic NIR-II molecular dye, SY1030, into the FDA-approved polymer Pluronic F127. Preliminary in vitro and in vivo studies suggest
Introduction
In the past decade, various types of supramolecular coordination complexes (SCCs) with nely tuned structures and sizes represented a promising platform for broad applications in many disciplines such as drug delivery, host-guest chemistry, and biosensors. [1] [2] [3] Considering their potential application in biomedicine, a series of metal-based SCCs especially organoplatinum(II)-based ones have been recently actively explored to serve as cell imaging and antitumor agents owing to their promising properties such as great efficacy in inhibiting tumor growth and low toxicity for normal tissues compared with clinical Pt(II) drugs. [4] [5] [6] [7] [8] [9] Meanwhile, Pt(II)-based SCCs demonstrate interesting photo-physical properties including the ability to emit in the visible spectrum, allowing the delivery and release of organoplatinum(II) to be monitored at the cellular level. 5, [10] [11] [12] [13] Despite these excellent properties, the potential decomposition of organoplatinum(II)-based SCCs in the presence of amino acids (histidine, lysine, arginine etc.) is the major obstacle for successful in vivo applications. 14, 15 Moreover, the poor photo-stability, low tumor accumulation and limited penetration depth of organoplatinum(II)-based SCCs in biological tissues remain additional challenges. 15, 16 Therefore, developing novel organoplatinum(II)-based SCC theranostic agents with longer emission wavelengths and having excellent photostability, high tumor uptake and efficacy in suppressing tumor growth is urgently demanded.
NIR-II imaging holds advantages of providing information on disease location and development due to deep penetration, low interfering signals and high signal to background ratio. [17] [18] [19] [20] [21] [22] [23] Inspired by these excellent advantages of the NIR-II channel for in vivo bioimaging, diverse organic and inorganic emitters, such as rare earth materials, quantum dots, organic dyes, polymers, and carbon nanotubes, have been widely exploited in this novel uorescence channel. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Biological practices such as vascular/ lymphatic and tumor imaging with high contrast as well as precise image-guided surgery indeed bring good news for biomedical practices in the NIR-II channel. [37] [38] [39] [40] [41] [42] [43] By combining chemotherapy with NIR-II imaging techniques to construct a theranostic platform for tumor therapy, tumors can be precisely located with strong NIR-II uorescent signals. Additionally, owing to the stable NIR-II uorescence, the tumor prole can be long-term clearly delineated to dynamically monitor tumor development, thus indirectly reecting the efficiency of chemotherapy. There is no doubt that integrating this promising imaging modality with high-performance NIR-II probes will create a bright future for real-time image-guided therapeutic courses.
Herein, we designed a novel NIR-II nanotheranostic agent (PSY, Fig. 1 ) that comprised organoplatinum(II) metallacycles (P1) and an NIR-II molecular dye (SY1030) both incorporated into an FDA-approved amphiphilic polymer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (Pluronic F127), which was expected to present the following advantages. First, the incorporation of SY1030 into the PSY nanoprobe would achieve favorable photo-stability and bright uorescence for biomedical applications. [44] [45] [46] [47] Second, owing to the emission of PSY shiing to the NIR-II channel (1.0-1.7 mm), high-quality images of precise diagnosis and therapy monitoring in vivo could be obtained with deep tissue penetration and at micronscale resolution. [48] [49] [50] Third, the utilization of F127 could not only endow PSY with excellent solubility and biocompatibility, 51,52 but also enable higher preferential accumulation of both P1 and SY1030 at tumor sites. 52 In contrast to the traditional Pt(II)-based drug cisplatin, our results demonstrated that the designed PSY nanoparticles exhibited a high level of tumor uptake with a superior signal to noise ratio (S/N) ratio for guiding therapy, enhancing the antitumor activities and lowering the adverse side effects in a U87MG tumor-bearing mice model.
Results and discussion
The procedure to prepare PSY was illustrated in Fig. 1 . SY1030 was designed by using an optimized donor-acceptor-donor scaffold including the donor 3,4-ethylenedioxythiophene and the shielding unit dialkyluorene, which contributed to an enhanced quantum yield (QY). 53 SY1030 was synthesized through a convergent route in 10% overall yield in 9 steps (see the ESI †) and characterized by 1 H/ 13 C-NMR and MALDI-TOF-MS ( Fig. S1 -S3 †). In the light of the principle of directional bonding, organoplatinum(II) metallacycles (P1) could be easily synthesized in high yield by combining a 60 Pt(II) precursor 1 and 120 ligand 2 at a 1 : 1 molar ratio (Fig. 1) . The conformation of P1 was conrmed by 1 H-NMR, multinuclear NMR and ESI-TOF-MS ( Fig. S4 -S6 †). In the 1 H-NMR spectrum, the protons of the pyridine H 2a and H 2b in P1 were shied downeld compared with those of the free ligand (2) due to the formation of the Pt-N bond ( Fig. S4 †) . As shown in Fig. S5 , † P1 displayed an upeld shi of approximately 5.41 ppm compared with the relevant 31 P{ 1 H} NMR spectra of the Pt(II) precursor 1 and also showed a sharp singlet peak at ca. 16.71 ppm corresponding to a single phosphorus environment. ESI-TOF-MS provided the evidence for the formation of the metallacycle structure of P1 with the loss of OTf anions (m/z ¼ 1728. 36 
PSY has been facilely synthesized via both P1 and SY1030 being encapsulated into F127 (2 : 1 : 7, w/w, Fig. 1 and ESI †). 52 The uorescence maximum absorption and emission wavelengths of PSY were observed at $750 nm and $1030 nm, respectively, demonstrating a strong NIR-II uorescence signal ( Fig. 2a ). Based on transmission electron microscopy (TEM) and dynamic light scattering (DLS), the as-synthesized PSY nanoparticles were discrete and uniform with an average size of $110 nm ( Fig. 2b and c) . The short-and long-term stability of PSY was tested in 37 C warm FBS, PBS and water solution by DLS measurement ( Fig. 2d and S7 †). Even aer 7 days, there was no apparent change in particle-diameter distribution, suggesting excellent in vitro stability of PSY. Furthermore, in vitro release of Pt(II) from PSY (2.5 mg mL À1 ) was studied using a dialysis bag diffusion method and quantied with inductively coupled plasma mass spectrometry (ICP-MS). The result elucidated that almost $50% of Pt(II) was released from PSY NPs due to the dissolution process of F127-based materials over 24 h ( Fig. 2e ). 54, 55 PSY exhibited high photo-stability with negligible decay compared with the FDA-approved NIR-I theranostic agent indocyanine green (ICG) under continuous irradiation at 808 nm for 1 h (Fig. 2f ). Also, PSY didn't show any signicant change in uorescence signal intensity upon irradiation in different media for a short-and long-term time ( Fig. 2g and S8 †). The quantum yield (QY) of PSY in water was calculated as $0.08% using an IR-26 reference uorophore (QY ¼ 0.05%). 56, 57 The amount of SY1030 encapsulated in PSY was also measured using ultraviolet-visible (UV-vis) spectrophotometer analysis. The SY1030 encapsulation efficiency of PSY was found to be 87.4 AE 1.7% ( Fig. 2h and i) . PSY was rst investigated for its efficient cellular uptake behavior and imaging of the cancer cells. As shown in Fig. 3a and b, aer incubation with PSY (containing $200 nM SY1030) for 1 h, the U87MG cells showed strong intracellular NIR-II uorescence due to an efficient endocytosis pathway. The corresponding average uorescence intensity from cells increased with extending the incubation time (Fig. 3c ). The cellular uptake behavior and the amount of Pt released from PSY were further quantied using ICP-MS analysis. Results shown in Fig. 3d revealed that the cellular uptake of PSY gradually increased from 1 h to 4 h. We also normalized the biodistribution of Pt(II) in PSY versus protein content following previous literature. 58 As for the subcellular distribution, nearly $98.2% of Pt(II) content was within the nucleus, whereas a smaller proportion of the Pt(II) content was found in the cytoplasm (Table S1 †). According to previous reports, this may be attributed to the fact that PSY was deconstructed at low pH in endo/lysosomes aer internalization and the section including Pt(II) entered the nuclei and coordinated with the DNA. 16, [59] [60] [61] [62] [63] The in vitro anticancer efficacy of SY1030, P1 and PSY (the concentration is calculated as Pt(II) content) was assessed using a 3-(4,5-dimethylthiazole-2-yl)-2,5diphenyl tetrazolium bromide (MTT) assay. As expected, the cell viabilities relied on the dosage of P1 and PSY that exhibited high anticancer activity toward U87MG cells (Fig. 3e ). This may be attributed to their ability to form intra-and interstrand crosslinks on DNA. 61, 62 Above results provided convincing evidence for demonstrating the ability of PSY as a theranostic platform at the cellular level.
To investigate the in vivo pharmacokinetics of PSY and Pt(II) contents in the plasma at various time points, C57BL/6 mice were chosen. As shown in Fig. S9 , † a strong uorescent signal (NIR-II) was visualized from the liver region, suggesting that the clearance route of PSY was predominantly through the hepatobiliary system. Meanwhile, the result of ICP-MS indicated that PSY displayed a longer blood circulation time than the anticancer drug cisplatin, leading to enhanced efficacy over the traditional Pt(II) drug (Fig. 4a) . Moreover, the phantom imaging in the NIR-II region indicated that improved imaging quality was obtained with SY1030 over a traditional NIR-I agent ICG (Fig. 4b ). The advantages garnered by the brightest uorescence of PSY in the NIR-II channel were clearly demonstrated in the following in vivo circulation network applications. First, the popliteal and sacral lymphatic nodes relevant to tumor metastasis were visualized in a dorsal angle in the NIR-II channel, demonstrating excellent S/N of $18 aer intradermal administration of PSY at the rear paw of C57BL/6 mice ( Fig. 4c and d) . Second, PSY was capable of carrying out imaging and tracking of the vessel network in the C57BL/6 mice brain with high SBR as well as sharp images ($19 and 169 mm, Fig. 4e and f) in a noninvasive manner. Finally, the high-resolution uorescent images of U87MG tumor blood vessels were also highlighted compared with the surrounding tissue aer injection with PSY (Fig. 4g) .
The global burden of the most common and aggressive brain tumor in adults, i.e., glioblastoma, is already enormous, and an exponential increase is predicted for the next couple of decades. [64] [65] [66] [67] [68] Based on these challenges, U87MG tumor-bearing mice were established to assess the in vivo theranostic potential of PSY, and a clinically approved anticancer drug, cisplatin, was set as a positive control. The NIR-II uorescence signal at the U87MG tumor region was observed clearly within 24 h postinjection ( Fig. S10 †) . Besides, an ex vivo biodistribution of PSY in tumors and organs indicated high accumulation in the tumors, liver and spleen (Fig. S11 †) . Further, the tissue distribution of Pt(II) content from PSY or cisplatin was also evaluated quantitatively. Compared with free cisplatin, signicant accumulation of Pt(II) of PSY in the tumor region was obviously observed, which was attributed to the passive targeting ( Fig. S12 †) . More importantly, in the case of PSY a lower Pt(II) uptake by normal organs was observed, suggesting that PSY could decrease the systemic toxicity of Pt-based drugs to normal tissues and organs resulting in minimal associated side-effects and improved overall efficacy.
To assess the anticancer efficacy, U87MG-inoculated mice were intravenously injected with PSY, free cisplatin as a positive control (dose: 2 mg Pt kg À1 body weight) and SY1030/F127 and PBS as negative controls. As shown in Fig. 5a , the uorescence signal from the localized PSY at the tumor region could be dynamically monitored during the whole process of therapy thanks to the excellent photo-properties of PSY. To evaluate the adverse side effects of the above formulations, body weights of mouse models aer treatment were recorded during the experimental period and the major organs of the sacriced groups were analyzed on the last day with hematoxylin-eosin staining (H&E). Serious body weight loss was observed in the cisplatin-treated group (Fig. 5b) . Also, from H&E analysis result, it was observed that the primary organs from cisplatin-treated mice were severely damaged (Fig. 5c ). However, the PSYtreated group just as SY1030/F127 and PBS-treated groups did not exhibit any obvious body weight loss and organs damage, indicating better in vivo biocompatibility and negligible systemic toxicity (Fig. 5b and c) . Moreover, tumor size of mice at every 3 d and the weight of tumors taken out at the last day were measured to observe the efficacy of PSY in tumor inhibition. As demonstrated in Fig. 5d and e, the SY1030/F127-treated and PBS-treated groups showed an obvious tumor increase. Although treatment with cisplatin achieved moderate tumor growth inhibition, PSY exhibited the highest tumor inhibition efficiency. It could be attributed to the high accumulation of Pt(II) from PSY at tumor sites compared with traditional cisplatin treatment. The Kaplan-Meier survival plots are shown in Fig. 5f . Moreover, the mice in the established U87MG tumor model group treated with cisplatin were not able to survive aer 46 d due to the severe damage of the primary organs by the free Pt(II) drug. In contrast, PSY with lower systemic toxicity and efficient tumor inhibition signicantly prolonged the overall survival of the mice in the tested group (Fig. 5f ).
Furthermore, immunohistochemical examination of tumors excised from mice treated with different formulations was Fig. 4 In vivo representative images with PSY. (a) In vivo blood elimination kinetics of cisplatin and PSY at a dose of 2 mg Pt per kilogram body weight (n ¼ 3 for each group); (b) NIR-II fluorescence images of a capillary tube filled with PSY and ICG solution immersed at different depths in 1% Intralipid (82 mW cm À2 , 150 ms, LP 1000); (c-g) NIR-II images of lymphatic vessels, brain vessels, and U87MG tumor blood vessels after injection of PSY with the width and SBR, respectively, under 808 nm laser illumination (82 mW cm À2 , 100 ms, 1000 LP). performed to assess the therapeutic efficacy of PSY. As demonstrated in Fig. S13 , † for H&E staining, the tumor tissues of PSY-treated group displayed the highest death of tumor cells, indicating that PSY has high antitumor activity. Subsequently, Ki67-positive immunohistochemical staining further proved signicantly inhibited cell proliferation capability in the PSY-treated group. Moreover, TdT-mediated dUTP-biotin nick and labeling (TUNEL) staining also conrmed that the number of apoptotic tumor cells in the PSY-treated group was the highest. These results obviously were in accordance with the enhanced therapeutic outcome of PSY in in vivo anticancer experiments.
Further, to verify the universal anticancer efficacy of PSY and display the possibility of translating it into further clinical development, an orthotopic breast tumor model was chosen (n ¼ 3). Similar to therapeutic experiments on the U87MG tumorbearing model, free cisplatin (dose: 2 mg Pt kg À1 body weight), SY1030/F127 and PBS were set as controls. Body weight and tumor volume were recorded every 2 d. As shown in Fig. S14a , † a high NIR-II uorescent signal intensity was observed in the breast tumor region, indicating the good accumulation of PSY in the tumor. The whole process of therapy for 15 d could be also monitored with the help of PSY. PSY-treated mice showed an ascending body weight, in contrast, cisplatin displayed a signicant decrease of body weight, indicating good biocompatibility and non-obvious systemic toxicity of PSY (Fig. S14b †) . Besides, as demonstrated in Fig. S14c and d , † the inhibition of tumor growth in the PSY treated group was more signicant than in other groups.
Conclusions
In summary, a novel Pt(II)-based theranostic, PSY, that incorporated both organoplatinum(II) metallacycles and an NIR-II based organic dye into F127 was constructed, which could improve the distribution of Pt(II) in tumors compared with free cisplatin in the U87MG glioblastoma cancer model mice. PSY possessed good optical properties, such as decent photo-stability and bright uorescence in the NIR-II region to visualize the blood circulation system and precisely locate the tumor sites with high resolution. Additionally, PSY accumulated at the tumor region preferentially. The efficient U87MG and orthotopic breast tumor inhibition rate with minimal adverse side effects prolonged the life span of tumor-bearing mice in the PSY-treated group. The cocktail based on the PSY platform clearly demonstrated its potential as a multifunctional platform. Besides, as recent reports proved that photoacoustic imaging (PAI) displays deeper tissue penetration than uorescent imaging in the NIR-II region, 69 a promising future can also be anticipated with this composite nano-platform for various PAI modality guided therapies.
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